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TypeVI secretion systems (T6SSs) aremajor virulence
mechanisms inmanyGram-negative bacteria, but the
physiological signals that activate them are not well
understood. The T6SS1 ofBurkholderia pseudomallei
is essential for pathogenesis in mammalian hosts and
is only expressed when the bacterium is intracellular.
We found that signals for T6SS1 activation reside in
the host cytosol. Through site-directed mutagenesis
and biochemical studies, we identified low molecular
weight thiols, particularly glutathione, as the signal
sensed by a periplasmic cysteine residue (C62) on
the histidine kinase sensor VirA. Upon glutathione
exposure, dimeric VirA is converted to monomers via
reduction at C62. When glutathione in the host was
depleted, T6SS1 expressionwas abrogated, andbac-
teria could no longer induce multinucleate giant cell
formation, the hallmark of T6SS1 function. Therefore,
intracellular bacteria exploit the abundance of gluta-
thione inhost cytosol asasignal for expressionof viru-
lence at the appropriate time and place.
INTRODUCTION
The type VI secretion system (T6SS) is a virulence mechanism
utilized by a wide diversity of Gram-negative bacteria toward
both eukaryotic and prokaryotic cells (Jani and Cotter, 2010).
Whereas some bacterial species (e.g., Vibrio and Serratia)
that target prokaryotic cells possess constitutively active
T6SS (Murdoch et al., 2011; Pukatzki et al., 2006), most patho-
gens of eukaryotic hosts have T6SSs that are under tight control
by distinctive regulatory systems in response to appropriate
signals. Signals required for T6SS activation in various bacterial
species are greatly determined by their specific functions and
environmental context. Several environmental conditions have
been reported to influence the production of T6SS, such as
acidity, copper or iron availability, concentration of phosphate
and magnesium ions, temperature, biofilm formation, osmo-
lality, and cell-to-cell contact with other bacteria (Chakraborty
et al., 2010, 2011). For instance, the T6SS cluster in Yersinia38 Cell Host & Microbe 18, 38–48, July 8, 2015 ª2015 Elsevier Inc.pestis is induced at low temperature at 26C and repressed at
37C, which is likely essential for dissemination in the flea vec-
tor, which has a lower ambient temperature than the mamma-
lian host (Pieper et al., 2009). When enteroaggregative E. coli
is disseminated to the gut, iron becomes depleted within the
stable intestinal biofilm, thereby leading to its T6SS activation
(Brunet et al., 2011), likely promoting adhesion and biofilm
formation at the surface of colon epithelial cells (Aschtgen
et al., 2008). For intracellular pathogens such as Francisella
tularensis, Salmonella enterica, and Burkholderia species, their
T6SSs are only induced inside host cells (de Bruin et al., 2007;
Parsons and Heffron, 2005; Shalom et al., 2007). However, the
precise host signals sensed by these pathogens have yet to be
reported.
Burkholderia pseudomallei is a Gram-negative saprophyte
that dwells in diverse ecological niches. Besides primary res-
ervoirs such as soil and muddy and stagnant water, it seems
equally adept at surviving in plants (Holden et al., 2004; Lee
et al., 2010), amoebae (Inglis et al., 2000), nematodes (Gan
et al., 2002), and many mammalian species including humans
(Sprague and Neubauer, 2004). Infection with this bacterium
can lead to melioidosis, a potentially fatal disease endemic
in Southeast Asia, Northern Australia, and other tropical re-
gions (Cheng and Currie, 2005). B. pseudomallei is a faculta-
tive intracellular pathogen. It can invade host cells, escape
from the phagosomes, replicate within the host cytosol, and
spread to the neighboring cells by inducing multinucleated gi-
ant cell (MNGC) formation (Burtnick et al., 2008; Stevens et al.,
2002).
The T6SS1 (also known as T6SS5) ofB. pseudomallei is critical
for infection in mammalian hosts (Burtnick et al., 2011; Pilatz
et al., 2006). We have previously shown the exclusive expression
of T6SS1 genes when B. pseudomallei are inside mammalian
cells (Chen et al., 2011). This is driven by the promoter in front
of the hcp1 gene, which drives the rest of the T6SS1 downstream
genes. We further established that the two-component sensor-
regulator system (TCS) VirAG is the main regulator for T6SS1
expression under these circumstances (Chen et al., 2011).
We hypothesize that the VirA histidine kinase (HK) senses
host intracellular signals for the activation of T6SS1 gene ex-
pression. In this study, we discover that B. pseudomallei only
turns on T6SS1 when it escapes from the phagosome into the
cytosol because VirA senses the presence of reduced gluta-
thione (GSH) in the host cytosol.
Figure 1. Expression of hcp1 Occurs When
the Bacteria Escape into the Host Cytosol
(A) Time course of hcp1 expression in RAW264.7
macrophages infected with wild-type (KHW) and
DbsaM bacteria. RAW264.7 cells were infected
with both strains at an moi of 100:1 for 1, 3, 6, and
8 hr. Transcript levels of hcp1 were determined by
qRT-PCR and were normalized to that at 1 hr post
infection. Assay was performed in duplicate, and
values are means ± SD. Data are representative of
three individual experiments.
(B) Fluorescence micrographs of RAW264.7 cells
infected with KHW and DbsaM. Cells were infected
with overnight culture at an moi of 10:1. At 6 hr
post infection, cells were fixed, stained, and visu-
alized by fluorescence microscopy. Total intracel-
lular bacteria were stained blue with rabbit anti-
B. pseudomallei polyclonal sera and anti-rabbit IgG
Alexa Fluor 405. Intracellular bacteria that activated
hcp1 promoter were green, and LAMP-1 was
stained red with goat anti-LAMP-1 and anti-goat
IgG Alexa Fluor 633. DIC microscopy images were
shown to reveal cell boundaries. Arrows indicate
co-localization of bacteria with LAMP-1 markers.
Micrographs are representative of two independent
experiments. Scale bars represent 20 mm.
(C) Quantitative analysis of the intracellular wild-
type and DbsaM mutant that co-localized with
LAMP-1 vacuole in RAW264.7 cells. At least 600
intracellular bacteria of each strain were exam-
ined, and the number of bacteria co-localized with
LAMP-1 marker is expressed as a percentage of
the total number of intracellular bacteria counted.
(D) Pie chart representing the percentage of hcp1
expressing bacteria that did not co-localize with
the LAMP-1 marker. Three microscopy fields were
taken, and a total of at least 600 wild-type intra-
cellular bacteria were counted per sample. The
number of green bacteria that did or did not co-
localize with LAMP-1 was counted out of 600
bacteria. Data represent the mean percentage
from a duplicate experiment.RESULTS
T6SS1 Expression Is InducedWhen the Bacteria Escape
into the Host Cytosol
To identify what host signals are inducing T6SS1, we first deter-
mined in which cellular compartment the signals for VirAG reside.
Bacterialmutants inT3SS3wereknown toexhibit delayedvacuole
escape at 16 hr post infection as compared to wild-type bacteria,
which typically escaped into the cytosol by 8 hr after infection
(Burtnick et al., 2008; Stevens et al., 2002). We took advantage
of the delayed escape phenotype in our T3SS3 mutant, DbsaM,
to determine where signals for VirA are derived. While hcp1
expression increased exponentially in RAW264.7 cells infected
with wild-type bacteria over time, its expression in DbsaM-in-
fected cells remained relatively low for up to 8 hr post infection
(Figure 1A). The inability of DbsaM to express hcp1 is likely due
to its inability to access the cytosolic signal at this time point.
Confocal microscopy was also used to visualize where the
bacteria were localized when hcp1 was expressed. The tran-
scriptional fusion Phcp-egfp plasmid was conjugated into both
wild-type and DbsaM strains. When the hcp1 promoter is acti-Cvated, it drives the expression of EGFP and turns the bacterium
green. Infected macrophages were stained with anti-LAMP-1
(red) and anti-LPS antibodies (blue) to visualize phagolysosomal
compartments and bacteria, respectively. As predicted, amajor-
ity of the wild-type bacteria (>60% of intracellular bacteria) had
escaped from the LAMP-1 associated compartments into the
cytosol at 6 hr post infection, whereas >90% of the DbsaM bac-
teria remained trapped within the vacuoles, as evidenced by the
co-localization of bacteria in blue with red (Figures 1B and 1C).
Quantitative analysis revealed that most of the wild-type hcp1-
expressing bacteria did not co-localize with LAMP-1 markers
(about 15% as compared to 2% that co-localized) (Figure 1D).
In contrast, no green bacteria were observed in DbsaM, as
most of the mutant remained confined to the vacuolar compart-
ments (Figure 1B). These findings indicate that the signal
required for inducing T6SS1 expression is in the cytosol.
Low Molecular Weight Thiols Upregulate T6SS1
Expression through the VirA Sensor
In our screen for intracellular signals that induce T6SS1 expres-
sion, we included amino acids, as they are found moreell Host & Microbe 18, 38–48, July 8, 2015 ª2015 Elsevier Inc. 39
Figure 2. LMW Thiols Upregulate hcp1 and
T6SS1 Gene Expression in Free-Living Bac-
teria
(A and B) Effect of various LMW thiols on hcp1 and
T6SS1 expression in B. pseudomallei. Wild-type
cultures were incubated in sulfur amino acid-free
RPMI medium for 5 hr and treated with cysteine,
cystine (oxidized), GSH, NAC, and DTT (A) or GSH
and GSSG (B) for the last 2 hr of incubation. All
compounds were added at a concentration of
200 mM.
(C and D) Effect of cysteine on hcp1 expression in
(C) DbsaM and (D) DbprC bacterial culture. All
bacterial strains including wild-type were treated
without or with cysteine (200 mM).
(E) Effect of cysteine on hcp1 gene expression in
the DvirA mutant and in complemented strains.
Wild-type, DvirA + vector, and two complemented
strains, DvirA + pVirA and DvirA + pVirAG, were
treated without or with cysteine (200 mM).
For all panels, assays were performed in duplicate,
and values are means ± SD. Data are represen-
tative of at least three individual experiments.
Transcript levels of virA, hcp1, and rpoB (house-
keeping control) genes for all other conditions were
normalized to that in untreated wild-type samples.
See also Figure S1.abundantly in host cytosol, e.g., during protein degradation and
turnover. Only cysteine demonstrated a positive effect out of the
16 amino acids that were examined (Figure S1). To verify this,
sulfur- amino acid-free RPMI medium was used for bacterial
culture. Addition of cysteine, but not cystine, into the broth cul-
ture upregulated hcp1 expression by 100-fold (Figure 2A). Simi-
larly, other LMW thiols such as GSH, N-acetylcysteine (NAC),
and DTT significantly upregulated hcp1 expression, with GSH
showing the highest increase when compared to the untreated
control (Figure 2A). Other T6SS1 genes that lie in the same
operon as hcp1, such as tssC and vgrG, were also upregulated
by GSH (Figure 2B). Oxidized GSH (GSSG) did not activate
T6SS gene expressions (Figure 2B), suggesting that the free thiol
moiety in cysteine and GSH, absent in cystine and GSSG, is
important for upregulating T6SS1. Expression of virA remained
constant in all conditions, indicating that the signal likely acts
on VirAG to turn on its transcriptional activity on the T6SS1 clus-
ter instead of upregulating its own expression.40 Cell Host & Microbe 18, 38–48, July 8, 2015 ª2015 Elsevier Inc.Regulation of T6SS1 lies downstreamof
T3SS3 regulators BsaN and BprC (Chen
et al., 2011); hence, we investigated
whether induction by LMWthiols in culture
broth could be attributed by an indirect ef-
fect on the upstream T3SS3. We found no
inherent defect in T6SS1 gene expression
in both DbsaM and DbprC mutants, as
hcp1 expression was upregulated to a
level comparable to that of the wild-type
upon cysteine induction (Figures 2C and
2D). This also confirms that the inability
of DbsaM to upregulate hcp1 expression
in host cells at up to 8 hr post infection
(Figure 1) was not due to a defect in upre-gulation, but due to its confinement from the cytosol. DvirA
mutant failed to upregulate hcp1 expression upon cysteine in-
duction (Figure 2E), proving that LMW thiol-induced hcp1
expression is dependent on the VirA sensor. Complementation
by expression of a plasmid-borne copy of virAG inDvirA restored
expression of hcp1 upon cysteine induction in broth culture.
However, this was not observed in DvirA complemented only
with virA. Since coding sequences of virA and virG overlap, it is
likely that both virAand virGhave tobe transcribed and translated
together in order to produce a functional TCS. Thus, LMW thiols
are signals sensed by VirA for T6SS1 gene expression.
Mutation of VirA at Cysteine Position 62 to Alanine or
Serine Turns on hcp1 Expression without Cysteine
Addition
VirA resides at the bacterial inner membrane and could be
sensing thiols in the periplasm of the bacteria through a redox
reaction. As bacterial periplasm is oxidizing (Smirnova and
Figure 3. Mechanism of Cysteine Induction
on VirA
(A) Schematic diagram of predicted VirA protein
structure. MASE1 TM region (blue), HisKinase
(green), and HATPase (red) were identified. For
the MASE1 region, 9–10 TM helices were pre-
dicted. Eight cysteine residues in VirA were indi-
cated in red ovals and denoted as C with the
number representing the position of the cysteine
amino acid in the protein. Out of the 8, 5 cysteines
(C62, C87, C214, C235, and C314) are in the TM
domain, while 3 cysteines (C358, C434, C585) are
in the cytoplasmic domain. IM, inner membrane
of bacteria; N, N terminus of VirA; C, C terminus
of VirA.
(B) Effect of cysteine on hcp1 upregulation in C62A
and C62S VirA variants. All bacterial strains were
incubated in sulfur amino acid-free RPMI medium
for 5 hr and treated with cysteine (200 mM) or
without for the last 2 hr of incubation. Transcript
levels of virA, hcp1, and rpoB genes for all condi-
tions were normalized to that in untreated wild-
type samples.
(C) Effect of cysteine on Hcp1 protein expres-
sion in KHW and C62A VirA variant. Both
strains were cultured in RPMI serum-free
medium without or with cysteine (200 mM) for 8 hr.
Bacterial cells were lysed, and total proteins were
resolved on 10% native gel and analyzed by
western blot with antibodies against Hcp1 and
BopE.
(D) Effect of LMW thiols on hcp1 expression in
the C62A variant. C62A was treated with
cysteine, cystine, GSH, and DTT. All com-
pounds were added at a concentration of
2 mM. Transcript levels of hcp1 gene for all
conditions were normalized to that in untreated
samples.
(E and F) Effect of cysteine and GSH on hcp1 up-
regulation in C87A and C314S VirA variants. Both
variants were treated with (E) cysteine (200 mM)
and (F) GSH (200 mM).
(G) Expression of hcp1 in various VirA site-directed
mutants upon RAW264.7 cell infection. Cells
were infected with mid-log phase culture of wild-
type, C62A, C87A, and C314S at an moi of 100:1 for 5 hr. Transcript levels of hcp1 gene for all conditions were normalized to that of the wild-type.
For (B)–(G), all assays were performed in duplicate, and values are means ± SD. Data are representative of three individual experiments.
See also Figure S2.Oktyabrsky, 2005), thiols could alter the redox potential by
serving as a reducing agent. Analysis of VirA structure via bioin-
formatics reveals three conserved domains (Figure 3A). MASE1
is the integral membrane sensory domain, HisKinase bears
the conserved His site, which is activated via trans-autophos-
phorylation by the catalytic domain, and HATPase is the catalytic
ATP binding domain. The transmembrane (TM) helices and
topology were further predicted using TMpred, TMHMM Server
v2.0, PHDhtm, and HMMTOP. All programs predicted the same
conserved seven TM regions from position 33 to 245 of the
amino acid sequence, with discrepancy in the number of TM re-
gions occurring at position 249 to 290. A cytoplasmic N terminus
is preferred in all programs, and the transmitter domain in the
cytoplasmic region. Hence, a model with an even number of
TM helices (10) is preferred (Figure 3A). According to the most
probable topology predicted, cysteine at position 62 (C62) isCexposed to the periplasm, C87 and C214 to the cytoplasm,
C235 and C314 are part of the TM helices, and the rest of
the cysteines, C358, C434, and C585, are in the cytoplasmic
transmitter domain. To determine whether and which cysteine
residues in VirA are involved directly in the sensing of thiols,
we performed cysteine-to-alanine or -serine substitution on
each of them. Interestingly, the VirA C62A variant exhibited an in-
crease in hcp1 gene expression (>10-fold increase) as compared
to the wild-type, even without the presence of cysteine in broth
culture (Figure 3B). The C62S substitution, a more conservative
mutation since the hydroxyl group in serine resembles the thiol
group, showed the same activated phenotype as C62A. How-
ever, addition of cysteine in both substituted variants further
potentiated hcp1 expression to a level comparable to that in
the wild-type. Hcp1 protein expression mirrored that of mRNA
expression (Figure 3C). The basal Hcp1 protein expression inell Host & Microbe 18, 38–48, July 8, 2015 ª2015 Elsevier Inc. 41
Figure 4. VirA Forms Dimer at C62 Site
(A) Dimerization of VirA at C62. B. thailandensis
strains overexpressing HA-tagged B. pseudomallei
VirA and C62A variant were cultured in LB for 5 hr at
30C and treated with GSH (0.2 mM, 2 mM) for the
last 2 hr of incubation.
(B) VirA dimers can be reduced by thiol reducing
agents. Bacterial cells were lysed, and TCEP
(50 mM) and GSH (2 mM) were added to the lysate
directly for total reduction. Proteins were resolved
on SDS-PAGE and immunoblot with anti-HA anti-
body. The ratio of dimer to monomer was quanti-
fied using ImageJ.
See also Figure S3.the C62A variant is also higher than that in the wild-type strain,
and a further increase was observed upon cysteine induction.
The expression of a T3SS3 effector, BopE, was included as
the loading control. The further induction of hcp1 expression in
the activated mutants can also be mediated by GSH and DTT
(Figure 3D), suggesting the presence of additional redox active
sites.
Although the C87A and C314S variants demonstrated a lower
hcp1 upregulation with cysteine when compared to wild-type in
broth culture (Figure 3E), no attenuation was observed when
GSH was used as the activating signal (Figure 3F), suggesting
that a higher reducing power in vivo could alleviate the attenua-
tion seen in Figure 3E. This is borne out by our observation that
expression of hcp1 in C87A and C314S was comparable to that
of the wild-type in infected cells (Figure 3G). All other VirA vari-
ants behaved like wild-type bacteria and had no effect on hcp1
expression (Figure S2). Therefore, we have shown genetically
that C62 in VirA is involved in reaction with LMW thiols.
VirA Dimerizes at C62 and Is Reduced to Monomers by
Reducing Agents
To detect VirA protein, we overexpressed HA-tagged
B. pseudomallei VirA in B. thailandensis, the surrogate model
for B. pseudomallei. Both wild-type VirA and C62A overexpress-
ing strains were cultured in LB broth in the absence or presence
of GSH, and VirA protein was detected in whole bacterial lysate
through HA antibody. Wild-type VirA was detected in both
dimeric (140 kDa) and monomeric (70 kDa) form, whereas
C62A only exists as monomers (Figure 4A). When the bacteria
were grown in medium with GSH, the proportion of VirA dimer
was reduced while the monomer correspondingly increased.
When reducing agents such as TCEP and GSH were added
directly into the lysate, most dimers were reduced, if not all
(TCEP) (Figure 4B). This shows that under non-activating circum-
stances without exposure to exogenous GSH, VirA exists as a
dimer and C62 is essential for dimerization. The presence of42 Cell Host & Microbe 18, 38–48, July 8, 2015 ª2015 Elsevier Inc.monomeric wild-type VirA even in the
absence of GSH is likely an artifact due
to overexpression of the protein in this
system. We further examined the redox
state of cysteine residues in VirA via alkyl-
ation with a maleimide compound conju-
gated to a 10 kDa polyethylene glycol
(Malpeg10k). A prominent 100 kDa and aweaker 140 kDa VirA were observed in both wild-type VirA and
C62A overexpressing strains (Figure S3, middle panel), suggest-
ing alkylation of three and seven free cysteines, contributing to a
30 kDa and 70 kDa increase, respectively. Since we do not see
an extra 10 kDa shift with wild-type VirA even though it has
one more cysteine than C62A, it is possible that C62 is unavai-
lable for alkylation in the monomeric wild-type VirA because it
had undergone S-glutathionylation under the oxidizing environ-
ment in the periplasm. However, whether C62 is S-glutathiony-
lated or not does not matter in the activation of T6SS1. The
C62Amutant has shown us that the critical factor is the reduction
of dimeric VirA to the active monomeric form.
Expression of T6SS1 by Intracellular Bacteria Depends
on the Availability of Host GSH
Thus far, we have added LMW thiols directly into bacterial broth
culture to activate T6SS1 expression. In Gram-negative bacteria,
GSH is synthesized by glutathione synthetase, which is encoded
by gshB in B. pseudomallei. To examine whether bacterial gshB
has a role on hcp1 expression by inducing bacterial GSH produc-
tion, we compare hcp1 expression in the wild-type and DgshB
mutant in infected RAW264.7 cells. No difference was observed
in both strains (Figure S4A). No changes were observed in bacte-
rial gshB expression in the presence of cysteine, GSH, and DTT,
and also upon host cell infection (Figures S4B and S4C). These
signify that bacterial intracellular GSH does not contribute to
T6SS1 induction. The addition of LMW thiols to bacterial cultures
increases bacterial intracellular GSH slightly (Figure S4D). Such a
modest increase suggests that bacterial intracellular GSH pool is
quite stable. Unlike Listeria monocytogenes, where activation of
PrfA depended on bacterial GSH (Reniere et al., 2015), activation
of VirA depends on exogenous LMW thiols.
In mammalian cells, the two naturally occurring thiols in relative
abundance are cysteine and GSH. Together, they account for the
highly reducing environment in the cytosol. To compare the dose
responseof these two thiolsonhcp1activation,we titrated them in
increasing concentrations. GSH exhibited a stronger induction
with the highest degree of upregulation at 600-fold (Figure 5A) at
200 mM as compared to a 200-fold increase by cysteine at 2 mM
(Figure 5B). An upregulation of at least 2-fold was seen with
2mMofGSH, but only at 50mMof cysteine.Given the higher abun-
dance and reducing power ofGSHover cysteine, GSH is likely the
main intracellular signal that triggers VirA activation, which is also
supported by our data with the C87A and C314S variants where
full activation was achieved only with GSH and inside the host
cells, but not with cysteine (Figures 3E and 3F). To demonstrate
the relevance of our findings in the physiological context, we
used HepG2 cells to generate a cysteine- and GSH-deficient
infectionmodel. HepG2cells have very limited capacity to convert
methionine to cysteine, due to the lack of expression of a high-Km
isoform of methionine adenosyltransferase (MAT1), and require
exogenous provision of cysteine (Lee et al., 2008). Cells were
cultured in the presence or absence of cysteine for 24 hr prior to
infectionwithwild-typeB.pseudomallei. IntracellularGSHamount
wasabout 10-fold lower after 24hrof culturewithout cysteine (Fig-
ure 5C).Correspondingly, expressionofhcp1 in cysteine-deficient
cellswassignificantly lower than innormalHepG2cells (Figure5D).
Similar to normal HepG2 cells, intracellular bacteria in cysteine-
deficient cells did not co-localize with LAMP-1-associated vacu-
oles (Figure 5E). Hence, decrease in hcp1 expression during
cysteine deficiency is not due to the inability of bacteria to escape
into the host cytosol. Even though the expression of T6SS1 regu-
lators,bsaN, virA, and virG,washigher insidehost cells, therewere
no significant differences in the expression of these regulators be-
tweennormal andcysteine-deficientHepG2cells. This shows that
the effect of GSH deficiency on hcp1 expression is at the level
of VirA and not on upstream regulators. We also ascertain the
physiological relevance of GSH on hcp1 upregulation in primary
peripheral blood mononuclear cells (PBMCs). Since PBMCs are
suspension cells and we were unable to wash away the extracel-
lular bacteria effectively, quantifyingT6SS1geneexpressionusing
real-time PCR is inappropriate. We infected PBMCs isolated from
healthy donorswith thewild-type strain conjugatedwith thePhcp-
egfp reporter plasmid where EGFP fluorescence acts as a read-
out for hcp1 expression. DvirAG conjugated with the reporter
was included as a negative control. When PBMCs were treated
with diethylmaleate (DEM) to deplete GSH prior to infection, the
wild-type infected cells show a mean fluorescence intensity
(MFI) of 18.9 as compared to 12 in the DvirAG-infected cells (Fig-
ure 5F). Expression of hcp1decreased significantly fromanMFI of
18.9 to 15 with 250 mM DEM and to 12 with 500 mM DEM (Fig-
ure 5G). This drop correlates with a decrease in intracellular
GSH from 40 mM in the untreated to 15 mM and 25 mM of free
GSH in DEM-treated cells (Figure 5G). In summary, GSH defi-
ciency in infected cells resulted in decreased T6SS1 expression,
showing that host GSH is the physiological signal that activates
T6SS1 during infection.
Decreased Host GSH Concentration Reduces MNGC
Formation in Infected Cells
A unique feature ofB. pseudomallei and B. thailandensis infection
is the formation ofMNGCs, attributed to a functional T6SS1 (Burt-
nick et al., 2011; Chen et al., 2011; French et al., 2011). We inves-
tigate whether a reduction in host GSH concentration will cause a
defect in MNGC formation. Due to BSL3 constraints, we per-Cformed the MNGC assay using B. thailandensis. The VirA protein
sequences from the two species are highly similar (86% identity
and 90% similarity) as highlighted in Figure S4A. In contrast
to B. pseudomallei, B. thailandensis VirA is predicted to have
nine TM regions (as compared to 10), and the C17 residue in
B. thailandensis, corresponding toC62 inB. pseudomallei, occurs
in the N-terminal tail rather than in a periplasmic loop (Figure 6A).
Both cysteine and GSH significantly upregulate hcp1 expression
(Figure 6B). When host GSH concentration was depleted by 80%
with buthionine sulfoximine (BSO), which inhibits synthesis of
GSH, upregulation of hcp1 expression was significantly attenu-
ated as compared to untreated control (Figures 6C and 6D).
The decrease in host GSH by BSO treatment led to significantly
less MNGC formation (Figure 6E) that was not due to a reduction
in the amount of intracellular bacteria by BSO (Figure S4B). This
demonstrates the functional relevance of how host GSH sensing
by the bacterium contributes to its pathogenesis through the in-
duction of cell fusion.
DISCUSSION
The TCSs are abundantly present in prokaryotes for the regulation
of diverse microbial phenotypes (Whitworth, 2012). These are
stimulus-responsive pathways consisting of an HK sensor and a
response regulator. Several pathogens utilize TCS to sense their
environment to turn on virulence or adaptation pathways. In this
work, we describe a regulatory module where the VirAG TCS is
coupled to the activation of a T6SS for bacterial virulence in
mammalian hosts through thiol redox sensing. This study iden-
tifies host intracellular signals regulating T6SS and provides a
description of thiol sensing by the MASE1 domain. This mode
of virulence regulation may be unique to B. pseudomallei and
related species due to their particular life cycles.
When B. pseudomallei moves from its saprophytic existence
in the soil into a mammalian host, it first activates T3SS3
that is necessary for the early escape of the bacterium from
the phagosome into the cytosol upon host cell contact (Burtnick
et al., 2008; Chen et al., 2011). The activation of T3SS3 and
T6SS1 is coordinately regulated and sequential, with T3SS3 first,
followed by T6SS1 (Chen et al., 2011). Others had suggested
that the intracellular signal required for T6SS1 expression in
B. mallei, which shares almost identical T6SS1 regulation with
B. pseudomallei, was provided prior to bacterial escape from
LAMP-1 vacuoles into the cytosol (Burtnick et al., 2010). How-
ever, we found that the endogenous signals required for
T6SS1 activation are in the cytosol. The direct delivery of bacte-
ria into the host cell cytosol by photothermal nanoblade, which
bypassed the vacuolar compartments, also turns on T6SS1
function such as induction of MNGC formation (French et al.,
2011). This supports our data that the activating signal sensed
by VirA is in the cytosol. This makes biological sense because
T6SS1 is only needed when the bacterium gets into the cytosol
to mediate cell fusion and intercellular spreading.
VirA is unique among the current known HK sensors. It does
not possess a PAS domain, a common sensing motif in HK (Bue-
low and Raivio, 2010). Instead, it has a little-known MASE-1
domain that was discovered through bioinformatics (Nikolskaya
et al., 2003). MASE-1 is predicted to have eight membrane-
spanning regions, although VirA seems to have 9 or 10,ell Host & Microbe 18, 38–48, July 8, 2015 ª2015 Elsevier Inc. 43
Figure 5. Cellular GSH Is Essential for Upregulating T6SS1 Expression in Intracellular Bacteria
(A and B) Dose-dependent response of cysteine and GSH on hcp1 gene expression. Wild-type bacteria were incubated in sulfur amino acid-free RPMI medium
for 5 hr and treated with increasing concentrations of (A) GSH or (B) cysteine for the last 2 hr of incubation. Transcript levels of virA, hcp1, and rpoB genes in
treated samples were normalized to that in untreated control.
(C) Intracellular GSH concentration is partially depleted in cysteine-deficient HepG2 cells. HepG2 cells were cultured in normal DMEM (cysteine-sufficient
medium) or cysteine-free DMEM (cysteine-deficient medium) for 24 hr before lysis for GSH assay. Assay was performed in triplicate, and values are means ± SD.
**p < 0.01.
(D) T6SS1 expression is decreased in cysteine-deficient HepG2 cells. Similar to (C), cysteine-deficient and normal HepG2 cells were infected with wild-type
bacteria at an moi of 100:1 for 5 hr in cysteine-deficient medium. Bacteria grown in the cysteine-deficient medium alone were included as the baseline control.
Transcript levels of bsaN, virA, virG, hcp1, and rpoB during cell infection are relative to that in the culture medium.
(legend continued on next page)
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depending on which prediction algorithm one uses. Because
MASE1 is an integral membrane domain with short hydrophilic
loops between the TM segments, with an abundance of Gly,
Ser, and Ala residues, indicating that it has a flexible structure
(Popot and Engelman, 2000), it is postulated to potentially
respond to a variety of membrane parameters, such as osmotic
pressure, transmembrane electric gradient, or the presence of
cations. Surprisingly, we show that VirA responds to LMW thiols
in a redox reaction to upregulate T6SS1 genes.
Several thiol-based redox-sensitive transcription factors, such
asOxyR inE. coli, which sensesROSandRNS,and theMarR fam-
ily of sensorsMgrAandSarZ inS. aureus, which senseROS (Ante-
lmann and Zuber, 2010), are well known. These transcription fac-
tors are based in bacterial cytosol in a reduced state. In response
toROS, they becomeoxidized at various cysteine residues to turn
on the relevant genes. InSalmonella, the redox-sensitive SsrB HK
becomes inactivated when C203 is S-nitrosylated when the bac-
terium is in the phagosome, effectively shutting down its SPI2,
which encodes a T3SS (Husain et al., 2010). In the ArcAB TCS,
cysteines in the ArcB sensor are oxidized by quinone under aero-
bic conditions and inhibited (Malpica et al., 2004). Therefore, VirA
is unusual because its thiol redox sensing is in the opposite direc-
tion, where oxidized VirA is in its quiescent, basal state and
reduced VirA is activated. This is only possible because VirA is
membrane bound and located in the bacterial periplasmic space.
The bacterial cytoplasm is maintained in a reducing environment
by the presence of GSH, while the periplasm is in a much more
oxidized state, with most resident proteins linked by disulphide
bonds (Smirnova and Oktyabrsky, 2005). Similar to most HK,
which operate asdimers for signal transduction (Chang andStew-
art, 1998), VirA dimerizes atC62via adisulphidebond linkage in its
default inactivated state and is reducible to its monomeric form in
the presence of GSH. The monomers in an altered conformation
could likely drive the activation of its cognate response regulator,
VirG. When C62 is substituted to alanine, it already exists in the
monomeric active form, which could have accounted for the
higher default expression of hcp1. However, reduction of dimers
cannot fully explain how GSH modifies and activates VirA, as
C62A variant can be further induced by these same thiols. There
maybeadditional redox-sensitivesitespresent inVirApartnerpro-
teins in the periplasm that influence the conformational activation
of VirA. In fact, auxillary regulators of HK are widespread and
known to interact and influence the sensing domains of HK (Bue-
low and Raivio, 2010).
In mammalian cells, GSH is found abundantly in the host
cytosol in concentrations ranging from 0.5 to 10 mM (Meister,(E) Fluorescence micrographs of HepG2 cells infected with KHW and DbsaM. Sim
type bacteria andDbsaM at an moi of 200:1 for 5 hr in cysteine-deficient medium.
anti-rabbit IgG Alexa Fluor 405. LAMP-1 was stained red with mouse anti-human L
bacteria with LAMP-1 markers. Micrographs are representative of two independ
(F) Histogram of hcp1 expression in KHW + Phcp-egfp and DvirAG + Phcp-egfp
incubated for 4 hr and infected with overnight culture of KHW + Phcp-egfp or Dv
(G) Intracellular GSH concentrations and hcp1 expression of KHW + Phcp-egfp in
assayed in isolated PBMCs after 6 hr of culture in 250 mM and 500 mM DEM or in
means ± SD. **p < 0.01 as compared to untreated control. In parallel, PBMCs we
were then infected with KHW + Phcp-egfp at an moi of 100:1 for 2 hr, and hcp1
For gene expression data in (A), (B), and (D), values were normalized to the 1
means ± SD. All data are representative of at least three individual experiments.
See also Figure S4.
C1988), making it a highly reducing environment for biological
functions. On the other hand, cysteine is the precursor and
limiting substrate to the formation of GSH and is present in
much lower concentrations than GSH, at about 400 mM in hepa-
tocytes (Lee et al., 2008). Hence, GSH is a major source of non-
protein intracellular reducing equivalents for many biosynthetic
processes and exerts protective functions from oxidative dam-
age (Morris et al., 2013). From our dose titration curves, it is
obvious that physiological concentrations of intracellular GSH
would be more than sufficient to upregulate bacterial T6SS1
gene expression when bacteria enter the cytosol. We are able
to demonstrate the importance of host cytosolic GSH in acti-
vating T6SS1 in B. pseudomallei and B. thailandensis in three
different cellular models where intracellular GSH concentrations
had been drastically reduced.We previously reported that type 2
diabetic patients are highly susceptible to melioidosis because
they have a GSH deficiency that impairs their IL-12 and IFNg
response to the bacteria (Tan et al., 2010). We did not detect
any difference in the ability of B. pseudomallei to activate
T6SS1 in cells from healthy or diabetic donors (data not shown),
which is not surprising given that one would need to have a very
severe depletion of GSH, which would be incompatible with
life, to see a shutdown of T6SS1. Thus, it is fascinating that
B. pseudomallei has exploited this to benefit its own pathogen-
esis by hijacking host GSH, using it somewhat akin to a ‘‘global
positioning system’’ to indicate the right time and place for
expression of its appropriate virulence cluster.
A recent study in L.monocytogenes showed that PrfA, amaster
regulatorof virulencegenes, isactivatedbyGSH.But incontrast to
VirA,which is docked at the periplasmic region to senseGSH from
the host, PrfA is in the bacterium cytoplasm, and bacterial GSH is
themajor signal that drives a two-step activation process, the first
involvinga redox reaction,andsubsequently thebindingofGSH to
PrfA as a potential allosteric effector (Reniere et al., 2015). This is a
much more complicated model where cytosolic PrfA uses bacte-
rial and some host GSH to regulate bacterial transition from the
phagosomal space to thehost cytosol.However,what is intriguing
is that the same ubiquitous molecule regulates virulence in two
completely different bacteria, one Gram-positive and one Gram-
negative, through different sets of regulators and mechanisms.
Interestingly, both Listeria and Burkholderia mediate cell-to-cell
spread through the formation of actin comet tails (Stevens et al.,
2005; Tilney and Portnoy, 1989). Listeria enter the adjacent cell
by pushing through two cell membranes, whereas Burkholderia
fuse adjacent cells into one giant cell before spreading (Toesca
et al., 2014). The unifying theme for these two intracellular bacteriailar to (C), cysteine-deficient and normal HepG2 cells were infected with wild-
Bacteria were stained blue with rabbit anti-B. pseudomallei polyclonal sera and
AMP-1 and anti-mouse IgG Alexa Fluor 633. Arrows indicate co-localization of
ent experiments. Scale bar represents 5 mm.
infected monocytes. After isolation of PBMCs from healthy donor, cells were
irAG + Phcp-egfp at an moi of 100:1 for 2 hr.
PBMCs upon DEM treatment. Intracellular reduced GSH concentrations were
untreated condition. Assay was performed in triplicate, and values represent
re treated with the same concentration of DEM for 4 hr prior to infection. Cells
expression (A488 MFI) was examined by flow cytometry.
6S internal control. All assays were performed in duplicate, and values are
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Figure 6. Depletion of Host GSH by BSO Decreases hcp1 Expression in Bacteria and MNGC Formation
(A) Schematic diagram for predicted VirA structure inB. thailandensis. Similar to VirAB. pseudomallei (Figure 3A), MASE1 TM region (blue), HisKinase (green), and
HATPase (red) were identified. Nine TM helices were predicted by various bioinformatics programs, and nine cysteine residues were indicated in red oval. IM,
inner membrane of bacteria; N, N terminus; C, C terminus.
(B) Effect of thiol compounds on hcp1 expression in B. thailandensis. Wild-type (E264) bacteria was cultured in sulfur amino acid-free RPMI medium for 5 hr and
treated with cysteine (200 mM, 2 mM) and GSH (50 mM, 200 mM, 2 mM) for the last 2 hr of incubation. Transcript levels of virA, hcp1, and rpoB genes in treated
samples were normalized to the untreated control. Assays were performed in duplicate, and values are means ± SD. Data are representative of three individual
experiments.
(C) Intracellular GSH concentration in RAW264.7 cells upon BSO treatment. Intracellular reducedGSH concentrationswere assayed in RAW264.7 cells after 24 hr
of treatment with BSO (500 mM) or in untreated condition. Assay was performed in triplicate, and values are means ± SD. **p < 0.01.
(D) Expression of hcp1 in BSO-treated cells. RAW264.7 cells were pretreatedwith BSO (500 mM) for 12 hr prior to infection. Cells were then infected with overnight
culture of wild-type B. thailandensis at an moi of 100:1 for 12 hr. Bacteria cultured in medium alone were included as comparison for the basal level of gene
expression. Assays were performed in duplicate, and values are means ± SD. Data are representative of three individual experiments.
(E) MNGC formation of RAW264.7 cells infected with B. thailandensis. BSO treatment and infection were done in parallel and similar to (B) and (C). Infected cells
were fixed and stained with Giemsa stain at 12 hr post infection and were visualized under light microscope (1003 magnification) for MNGC formation. Mi-
crographs are representative of at least three independent experiments. Percentage of MNGC formation was calculated for each condition, and values represent
means ± SD from triplicate (n = 3, >600 nuclei counted per condition). **p < 0.01.
See also Figure S5.
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is the need to ‘‘know’’ they have arrived in the host cytosol and to
turn on their appropriate virulence genes necessary for pathogen-
esis in the cytosol. Thus, the convergent evolution of usingGSH to
upregulate virulencemaybe just one example of howdiverse bac-
teria that share similar life cycles and face similar biological con-
straints develop different means to achieve a common end.
EXPERIMENTAL PROCEDURES
Bacterial Strains and Plasmids
All bacterial strains and plasmids used are listed in Table S1. Plasmids were
introduced into B. pseudomallei and B. thailandensis strains from E. coli
S17-1 or SM10 strain by conjugation. Deletion mutants of B. pseudomallei
were created as described previously (Teh et al., 2014). The primers for gener-
ating deletion mutants are listed in Table S2.
Cell Culture and Infection
RAW264.7 andHepG2 cell lines weremaintained in DMEM supplementedwith
10% heat-inactivated FBS. Cysteine depletion in HepG2 cells was done as
described previously (Lee et al., 2008). Mammalian cells were infected with
mid-log culture of various bacterial strains.
Immunofluorescence Staining and Confocal Microscopy
Infected cells were fixed overnight with 1% paraformaldehyde (PFA). Cells
were first stained with B. pseudomallei LPS-specific rabbit polyclonal anti-
bodies and goat-anti LAMP-1 antibody simultaneously. This is followed by in-
cubation with donkey anti-goat IgG conjugated with Alexa Fluor 633 and then
incubation with goat anti-rabbit IgG conjugated with Pacific Blue (PB). Images
were acquired using Carl Zeiss LSM 710 MicroImaging System.
Treatment of Bacteria with LMW Thiols and Analysis of Gene
Expression by qRT-PCR
Mid-logphasebacterial culturesof variousstrainsweresubcultured insulfur-free
amino acid RPMI for 5 hr. Bacteria were treated with various LMW thiols during
the last 2 hr of incubation and lysed with PureZol for RNA isolation. Total RNA
isolation, cDNA synthesis, and real-time PCRwere performed as described pre-
viously (Chen et al., 2011). The qRT-PCR primers are listed in Table S3.
In Situ Site-Directed Mutagenesis of virA in B. pseudomallei
Wild-type virA genewas first replacedwith an antibiotic-resistant gene. Alanine
(GCG) or serine (TCG) substitution of Cys62 (TGC), Cys87, Cys214, Cys235,
Cys358, Cys434, andCys585 in VirAwas generated bySDMonplasmids using
QuikChange II XL Site-Directed Mutagenesis kit. The plasmids containing
mutated copies of virA were introduced into the antibiotic-resistant mutant.
Successful double-crossover clones were screened for antibiotic sensitivity
with the resistance gene being flipped out and intended mutations inserted
into the chromosome. The primers for generating SDM are listed in Table S4.
Analysis of Hcp1 Protein Expression by Western Blot
B. pseudomalleiwild-type strain was subcultured in RPMI serum-free medium
with or without cysteine for 8 hr. Bacterial cells were pelleted and lysed with
B-PER lysis buffer. The Hcp1 protein was detected by immunoblotting as
described previously (Lim et al., 2015).
Biochemical Analysis of VirA
HA-tagged B. pseudomallei VirA and C62A variant were overexpressed in
B. thailandensis on plasmid. B thailandensis strains conjugated with pVirA-
HA and pC62A-HA were cultured in LB for 5 hr. Cultures were treated with
GSH for the last 2 hr. Bacterial cells were pelleted and lysed in 1% SDS lysis
buffer. The lysates were resolved on 4%–15% SDS-PAGE for western blot
analysis with an anti-HA antibody (F-7) (Santa Cruz Biotechnology).
Detection of hcp1Expression inPeripheral BloodMononuclear Cells
PBMCswere isolated from healthy blood samples (approved by university IRB)
and infected with B. pseudomalleiwild-type and DvirAG containing Phcp-egfp
plasmid. The expression of hcp1 was detected at 488 nM wavelength using
cyan flow cytometer.CMNGC Formation
The degree of MNGC formation was estimated as previously described (Su-
parak et al., 2005).
Intracellular GSH Concentrations in Cells
HepG2 and RAW264.7 cells were assayed for total intracellular free GSH using
the GSH Fluorometric Detection Kit as per manufacturer’s instructions.
Statistical Analysis
Student’s t test for unpaired sampleswas used to confirmstatistical significance
of 95% confidence between two samples compared; *p < 0.05, **p < 0.01.
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